Unique Osmoregulatory Morphology in Primitive Sharks: An Intermediate State Between Holocephalan and Derived Shark Secretory Morphology by Larsen, Matthew Eric
Coastal Carolina University
CCU Digital Commons
Electronic Theses and Dissertations College of Graduate Studies and Research
7-31-2018
Unique Osmoregulatory Morphology in Primitive
Sharks: An Intermediate State Between
Holocephalan and Derived Shark Secretory
Morphology
Matthew Eric Larsen
Coastal Carolina University
Follow this and additional works at: https://digitalcommons.coastal.edu/etd
Part of the Biology Commons, Physiology Commons, and the Zoology Commons
This Thesis is brought to you for free and open access by the College of Graduate Studies and Research at CCU Digital Commons. It has been accepted
for inclusion in Electronic Theses and Dissertations by an authorized administrator of CCU Digital Commons. For more information, please contact
commons@coastal.edu.
Recommended Citation
Larsen, Matthew Eric, "Unique Osmoregulatory Morphology in Primitive Sharks: An Intermediate State Between Holocephalan and
Derived Shark Secretory Morphology" (2018). Electronic Theses and Dissertations. 31.
https://digitalcommons.coastal.edu/etd/31
  
 
 Unique Osmoregulatory Morphology in Primitive Sharks: 
An Intermediate State Between Holocephalan and Derived 
Shark Secretory Morphology  
 
 
By  
Matthew Eric Larsen 
 
Submitted in Partial Fulfillment of the 
Requirements for the Degree of Master of Science in 
Coastal and Marine Wetland Studies in the 
School of Coastal and Marine Systems Science 
Coastal Carolina University 
 
July 31, 2018 
          
          
           
 
 
 
 
 
 
 
 ii 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2018 by Matthew Eric Larsen (Coastal Carolina University) 
All rights reserved. No part of this document may be reproduced or transmitted in any 
form or by any means, electronic, mechanical, photocopying, recording, or otherwise,  
without prior written permission of Matthew Eric Larsen (Coastal Carolina University).  
 iii 
Acknowledgments 
 
First and foremost, I would like to acknowledge my committee. Their continued 
patience, support, and guidance are why I was able to complete my degree. I would also 
like to acknowledge my collaborator, Dr. Paul Yancey of Whitman College, for his 
contributions and professional advice. In addition to my committee and collaboration 
with Dr. Paul Yancey, I would like to thank the numerous institutions who provided me 
with access to the rare deep-sea sharks that made this research possible.  
Dr. Dan Abel not only served as an excellent advisor, but as a friend during the 
extensive process of researching, writing, and presenting my master’s thesis. He was 
constantly available to provide professional career and research advice. Much of what I 
learned from Dr. Abel will continue to follow me through my future in science. I attribute 
my present and future success to the opportunities he provided me by accepting me to 
Coastal Carolina University. 
Dr. Scott Parker was a constant source of insight and advice that has guided my 
development as an aspiring physiologist. His histological knowledge and insight was 
invaluable when designing the methodology and became one of the most critical aspects 
of this research. It was contributions like this that I greatly appreciate and will remember 
fondly. It is especially noteworthy that he allowed me to use his laboratory for the 
majority of my morphological analysis despite the putrid smell of dehydrating rectal 
glands. For his contributions and patience, I cannot thank him enough. 
Dr. Derek Crane joined my committee after numerous drop-ins from myself to 
discuss the best statistics to run for my study. He provided nothing short of exceptional 
 iv 
advice and motivation to enhance both my understanding of statistics and my writing. It 
is due to his quick turnaround and input that has truly driven my thesis to maturity. 
Dr. Dean Grubbs was a crucial component to the start and development of this 
project. The numerous samples of deep-sea shark rectal glands and plasma provided by 
Dr. Grubbs provided the backbone for this study. His expert opinions on the biology of 
deep-sea sharks were invaluable to completing this project.  
Special thanks are owed to my collaborator, Dr. Paul Yancey. He has provided 
valuable input to many of the questions I had pertaining to plasma chemistry. His 
analysis of the plasma samples we provided was crucial for some of the major research 
questions in this study and his expertise was greatly appreciated while trying to answer 
what our results meant. Without him, an important portion of my study would be 
significantly lacking. 
I would like to thank Coastal Carolina University for the opportunity to pursue 
my degree. The university has provided a number of tools to help support the pursuit of 
my degree including being my primary source of funding. All of this was possible thanks 
to the staff and individuals that provide support at the university.  
Finally, I would like to acknowledge the support of the Scripps Institute of 
Oceanography, the Florida State University Coastal and Marine Lab, the Florida Museum 
of Natural History, the National Oceanic and Atmospheric Administration. All of these 
organizations and the hard-working staff helped contribute samples in some form, from 
rare deep-sea sharks from museum collections to fresh plasma analysis. I could not have 
completed my degree without their assistance. 
  
 v 
Dedication 
 
I would like to dedicate my thesis in its entirety to my family, friends, and my two 
closest companions, Tommen and Chloe. 
 
My family members have long served as my greatest source of inspiration. Their 
support of my wild dreams and endeavors have been a constant source of motivation even 
in the tough times. I cannot possibly thank my parents enough for pushing me to always 
pursue my dreams and lofty goals, and for driving my competitive nature towards higher 
education. I also owe thanks to my siblings for all of their support. They are my lifelong 
best friends and are the people who I constantly aim to make proud.  
Through the process of pursuing my master’s degree, I have made some 
incredible friends. Kelsey Martin and Caroline Collatos are not my friends because 
they’re far closer to family. We have been through so much during the past two years and 
I wouldn’t change a second of the time I’ve spent with them. In addition, Kathryn 
Greiner-Ferris has been absolutely incredible and one of my favorite individuals to vent 
to. It does not do Kathryn, Kelsey, and Caroline justice to dedicate this thesis to them 
when they have done so much to keep me motivated. These three women are truly 
amazing and I could not have made it without their support. 
Beginning a thesis was nothing short of breaking free from my comfort zone. 
When I began my graduate career at Coastal Carolina University, I knew I would need an 
even closer support group than my new friends or my family. I adopted Chloe and then 
Tommen to provide that support. At times when friends and family were unavailable, a 
nudge from either of my two cats went a long way. It was those nudges and the naps in 
 vi 
my lap while I was writing that truly kept me grounded during this process. They may not 
have realized how important they really are, but I do. 
 
I dedicate this thesis to those in my life who have kept me inspired, motivated, 
and happiest. Thank you. 
  
 vii 
 
Abstract 
 
Discovery of an unusual rectal gland in the Atlantic sixgill shark, Hexanchus 
vitulus, led to examination of rectal glands in 29 species of epipelagic and deep-sea 
sharks. Eight of 14 deep-sea species of sharks had digitiform glands that were previously 
assumed to be characteristic of elasmobranchs (N=281; mean width-length ratio ± SD = 
0.18 ± 0.07).  Hematoxylin-and-eosin stained sections from deep-sea sharks were similar 
to those from shallow water sharks. Glands from the family Somniosidae were kidney 
bean-shaped (N = 3; mean width-length ratio ± SD = 0.46 ± 0.05); whereas those from 
the families Echinorhinidae and Hexanchidae appeared lobulate (N=39; mean width-
length ratio ± SD = 0.58 ± 0.11). Histology of hexanchid rectal glands showed a 
morphology characterized by smooth muscle dividing the tubules into sections around a 
lumen. Rectal gland width-length ratios were significantly different among eight species 
with digitiform morphology and two hexanchids (ANOVA; R2=0.86; df=14, 292; 
F=125.01; P<0.001). The significant plasma constituents, urea and TMAO, followed the 
piezolyte hypothesis and were highest in deep-sea sharks with the exception of Cl-, which 
was highest in species with lobulate rectal glands. This study represents the first histology 
of the unique rectal gland morphology in Hexanchus sp., and it suggests that the distinct 
gland morphology seen in species of Hexanchidae and Echinorhinidae is a plesiomorphic 
trait and is not characteristic of deep-sea sharks as a group. Interestingly, the similarities 
between lobulate rectal glands and the secretory morphology of holocephalans may 
represent a secretory morphology intermediate between that of Holocephali and derived 
shark species. 
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Introduction 
 
Of the more than 500 named species of sharks, roughly half are found only in the 
deep-sea (depths > 200 m; Cotton & Grubbs 2015). Despite the diversity of sharks in the 
deep-sea, even rudimentary knowledge of their biology is lacking for most species. The 
difficulty and expense of deep-sea sampling, along with typically reduced population 
densities of sharks at these depths, have attributed to low sampling efforts and limited 
data availability.  
In 2013, while dissecting a rarely encountered deep-sea hexanchid, the Atlantic 
sixgill shark Hexanchus vitulus (Springer & Waller 1969), D. Abel (Coastal Carolina 
University) and D. Grubbs (Florida State University) observed a rectal gland that was 
smaller and morphologically different than those of other sharks. Subsequently, D. 
Grubbs examined a conspecific museum specimen and corroborated the initial 
observation. 
Crofts (1925) reported a rectal gland of similar structure to that observed by D. 
Abel and D. Grubbs in two deep-sea sharks closely related to H. vitulus, the confamilial 
sharpnose sevengill shark Heptranchias perlo (Bonnaterre 1788) and the frilled shark 
Chlamydoselachus anguineus (Garman 1884). The latter is a member of the order 
Chlamydoselachiformes, the sister group to the Hexanchiformes. Jacobshagen (1937) 
noted this morphology in other members of Hexanchidae and Günther (1887), as cited in 
Crofts (1925), described a large pea-sized rectal gland in C. anguineus.  
The rectal gland, also known as the digitiform or caecal gland, is an extrarenal salt 
gland found in chondrichthyans and coelacanths. It is commonly described as a finger-
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shaped structure attached to the dorsal surface of the colon by the post-mesenteric artery 
(Crofts, 1925; Burger & Hess 1960; Fange & Fugelli, 1963; Wright & Wood, 2016). The 
mitochondria-rich rectal gland removes Na+ and Cl- ions that diffuse into the body from 
seawater as well as uptake from the gut via ingestion of food. The Na+ and Cl- ions move 
to the gland’s lumen from tubules, according to the coupled sodium-chloride model 
described in Silva et al. (1977) in which these ions are transported across the basolateral 
membrane of rectal gland cells through secondary active transport (Epstein et al., 1983; 
Riordan et al., 1994; Forrest, 1996). The inorganic ions Na+ and Cl- are secreted into the 
cloaca at levels typically twice those of plasma, and are then excreted (Burger & Hess, 
1960; Fange & Fugelli, 1963 Silva et al., 1977; Epstein et al., 1983; Riordan et al., 1994; 
Forrest, 1996; Wright & Wood, 2016). 
The excretion of a solution from the rectal gland with a NaCl concentration twice 
that of blood plasma shows that there is a relationship between plasma chemistry and 
rectal gland function. Research on plasma chemistry in deep-sea sharks has been limited 
to tests of the piezolyte hypothesis (Yancey & Somero,1979; Samerotte et al., 2007; 
Laxson et al., 2011). The piezolyte hypothesis theorizes that organisms accumulate 
piezolytes, or organic osmolytes such as TMAO, to counteract the effects of hydrostatic 
pressure on protein function (Yancey & Somero,1979; Samerotte et al., 2007; Laxson et 
al., 2011; Yancey et al., 2014). Apart from these limited studies, other aspects of 
osmoregulatory physiology and plasma chemistry of deep-sea sharks remain largely 
unstudied. 
With the exception of a pilot study by Abel et al. (unpublished data) and the older 
references cited above, no research has focused on a comparative analysis of rectal gland 
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morphology between deep-sea and shallow-dwelling shark species. The observations by 
D. Abel and D. Grubbs coupled with those in the earlier literature of an unusually-shaped 
and apparently smaller rectal gland in deep-sea and primitive hexanchiform and 
chlamydoselachiform sharks raise the question as to whether this morphology is a 
characteristic of deep-sea sharks as a group or if it is restricted to a plesiomorphic trait 
remaining only in the oldest shark groups. 
The goal of this study was to assess the influence of depth selection and 
taxonomic age on rectal gland anatomy in sharks. Specifically, I tested the following 
hypotheses: (1) Is the rectal gland morphology observed by D. Abel and D. Grubbs and 
others in H. vitulus (a) species-specific, (b) a characteristic of deep-sea sharks, or (c) 
restricted to taxonomically old species of the families Hexanchidae, Hexanchiformes, or 
other primitive sharks? (2) Does morphology of rectal glands differ with depth ranges of 
selected sharks, and if so, in what ways? (3) Is plasma chemistry of H. vitulus and other 
species with similar rectal gland morphometrics different from that of other deep-sea 
sharks? If there are differences in plasma chemistry, what are the differences?  
 
Materials and Methods 
 
Rectal Gland Morphology 
 Rectal glands were collected during surveys conducted by the Bimini Biological 
Field Station (BBFS), the Coastal Carolina University (CCU) Shark Research Program, 
Florida State University (FSU) Coastal and Marine Laboratory, and the National 
Oceanographic and Atmospheric Administration (NOAA). Glands were collected from 
individuals either deceased or moribund at the time of catch and were individually placed 
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in specimen bags with a unique identification number, biological information (precaudal 
length, fork length, total length, sex, fin clips, etc.), and species code. The rectal glands 
were then frozen at -20°C until they were processed.  
Frozen specimens were thawed for 20 min and then placed under a dissecting 
microscope to remove excess mesentery. The length and width were measured with 
digital calipers to the nearest 1 mm, and a photograph was taken of each rectal gland. I 
removed superficial fluid by gently blotting the gland with an absorbent wipe until the 
specimen was no longer visibly damp. Rectal glands were dehydrated using a vacuum 
oven set at 70ºC until a constant mass was achieved. Constant mass was determined over 
a week-long period by weighing the rectal gland midway through the week or after 
roughly 3-4 days, again on the sixth day, and finally on the seventh day to see if there 
was a change in mass or if it remained constant.  
I examined museum specimens of four species of Hexanchidae, as well as other 
primitive species and additional species that occupy epipelagic, mesopelagic, and 
bathypelagic depth zones at the Scripps Institution of Oceanography Marine Vertebrate 
Collection, the Florida State University Coastal and Marine Laboratory Zoological 
Collections, and the Florida Museum of Natural History Ichthyology Collection. To 
expose the rectal gland in a minimally-disruptive way, I made an incision ~2 cm from the 
anterior to the rear margin of the cloaca and ~2 cm below the lateral line on the left 
ventral side of the shark. Once the gland was isolated, I photographed it from several 
angles to document the morphology. I inserted a small ruler into the body cavity to 
measure gland dimensions. If permitted, the gland was removed with a scalpel by cutting 
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through connective mesentery and the posterior mesenteric artery. The intestine was 
displaced from the gland to prevent damage during removal. 
Rectal glands from the genera Somniosus, Hexanchus, and Echinorhinus could be 
only opportunistically collected due to the rarity of these sharks in field sampling and 
museum collections.  Rectal glands from Pacific sleeper sharks Somniosus pacificus 
(Bigelow & Schroeder 1944) were also collected opportunistically and could not be 
stored in a preservative. Biological data were collected and the samples were dried and 
weighed but they were not sectioned. Additionally, because of the limited number of 
glands collected from hexanchids (N=5) and echinorhinids (N=1), they were used only 
for histology and were not dried.  
 
Histology 
Freshly collected rectal glands used in histological analyses were preserved in 
10% formalin. Samples collected from museums were preserved in 70% ethanol. 
Samples were not frozen to prevent cell lysis and maintain tissue integrity. Rectal glands 
were stained with hematoxylin and eosin following Chan & Phillips (1967). Tissues were 
dehydrated in alcohol solutions by gradually increasing the concentration of ethanol from 
50% to 100%. The tissues were then placed in xylene until transferred to melted paraffin. 
Tissues were embedded in paraffin to obtain transverse center sections of rectal glands 
from three species with digitiform morphology (little gulper shark Centrophorus uyato 
[Rafinesque 1810], Genie’s dogfish Squalus clarkae [Pfleger, Grubbs, Cotton, Daly-
Engel 2018], and Cuban dogfish Squalus cubensis [Howell Rivero 1936]) and three 
species with lobulate morphology (the bluntnose sixgill shark Hexanchus griseus 
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(Bonnaterre, 1788), H. vitulus, and H. perlo). Tissue sections (4μm) were cut on a rotary 
microtome and mounted on glass microscope slides. No discernible differences in the 
histological slides were observed between the rectal glands that were initially preserved 
in formalin and ethanol. 
 
Plasma Chemistry 
Plasma chemistry of seven species was analyzed to determine differences among 
sharks in epipelagic and deep-sea habitats and between sharks with digitiform and 
lobulate rectal gland morphologies. These included Atlantic sharpnose sharks 
Rhizoprionodon terraenovae (Richardson 1836), N = 3; sandbar sharks Carcharhinus 
plumbeus (Nardo 1827), N = 3; C. uyato, N = 6; S. cubensis, N = 7; S. clarkae, N = 6; H. 
vitulus, N = 2; H. griseus, N = 8. 
I sampled blood from C. plumbeus and R. terraenovae collected during 
standardized long-line surveys for the CCU Shark Project in Winyah Bay, South 
Carolina. Water salinities ranged from 23 – 25 during all surveys. Blood samples were 
collected from the hemal canal of living sharks by syringe with an 18-gauge needle and 
were transferred to a 3-mL sample vial containing 5.4 mg of K2EDTA. Following sample 
collection, the animals were released and vials with blood were placed on ice for 
transport to the lab.  
 Whole blood samples were centrifuged at 3000 rpm for 5 min. at ambient 
temperature and plasma was extracted from the top. Plasma samples from H. vitulus (N = 
1) and H. griseus (N = 6) were analyzed by Antech Diagnostics (Antech Diagnostics, 
Charlotte, North Carolina, USA). All other samples were sent to Whitman College 
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(Whitman College, Walla Walla, Washington, USA) for analysis.  For each sample, both 
facilities measured total osmolality, Na+, Cl-, K+, and urea using the procedures of Wolff 
et al. (1989). Additionally, TMAO concentrations were measured for samples sent to 
Whitman College using the procedures described by Weckell & Barnett (1991).  
 
Statistical Analysis 
All statistical analyses were performed using SPSS Statistical Software (IBM, 
Armonk, New York, USA) and statistical significance was based on an α-level of 0.05. 
Rectal gland width-length and dry mass ratios were tested for differences among species 
that occupy different ocean depth zones and among morphology types. Only species with 
a rectal gland sample size ≥5 were used for the rectal gland width-length and dry mass 
ratios ANOVAs. The small sample size from somniosids (N=3) excluded them from the 
statistical analysis of the rectal gland dry mass ratio as described below. When overall F-
tests were significant a Tukey post-hoc test was used to test for and estimate differences 
among species.  
Due to the small plasma sample size of many species examined, all of the plasma 
samples were used for ANOVAs, following the methods of Pillans & Franklin (2004). I 
used ANOVA to test for differences in TMAO, Urea, Na+, Cl- and K+ ions, and 
osmolality between the digitiform and lobulate gland types and among different species. 
A Tukey post-hoc test was used to test for and estimate the differences among species 
means for ion and osmolyte concentrations with a significant α-value. One osmolality 
(1396 mOsm/kg, H. griseus) analyzed by Antech Diagnostics was left out of analysis as 
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an outlier. The osmolality was well outside of the known range for any shark, 
elasmobranch, or chondrichthyan (Yancey, pers. comm.). 
 
 
 
 
Results 
 
Rectal Gland Morphology 
Digitiform rectal gland morphology was observed in 22 of 29 shark species 
examined and was not related to depth preference, family, or order (TABLE I). Rectal 
glands classified as digitiform were elongate with a hollow central lumen running the 
length of the tissue (FIGS. 1, 2, 3, & 4). There were no observable septa dividing the 
tubules of the glands based on histological examination (FIGS. 2, 3, & 4). All coastal 
species examined had digitiform morphology (horn shark Heterodontus francisci [Girard 
1885], lemon shark Negaprion brevirostris [Poey 1868], R. terraenovae, scalloped 
hammerhead shark Sphyrna lewini [Griffith & Smith 1834], bonnethead shark Sphyrna 
tiburo [Linnaeus 1758], blacktip shark Carcharhinus limbatus [Müller and Henle 1839], 
spinner shark Carcharhinus brevipinna [Müller and Henle 1839], and blacknose shark 
Carcharhinus acronotus [Poey 1860]; TABLE II). Similarly, deep-sea species in the 
genera Carcharhinus, Centrophorus, Squalus (FIG. 1), Etmopterus, and Mustelus had 
rectal glands with digitiform morphology (TABLES I & II). There were significant 
differences in the rectal gland width-length ratios among species with the digitiform 
morphology (ANOVA; R2=0.86; df=14, 292; 306, F=125.01; P<0.001; TABLE III). None 
of the differences in width-length ratio were correlated with depth but there was 
indication of some degree of interspecific variation in this morphology. Differences in the 
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rectal gland dry mass ratio were also significantly related to species (ANOVA; R2=0.37; 
df=5, 139; F=15.37; P<0.001; TABLE III). Additionally, all species were included in the 
same group following a Tukey post-hoc test, regardless of depth with the exception of S. 
tiburo which was separated into its own grouping (TABLES III). 
Rectal glands from a Greenland shark Somniosus microcephalus (Bloch & 
Schneider 1801) and three S. pacificus were disproportionately wider than what was 
observed in the digitiform morphology. The rectal glands examined from the three S. 
pacificus were shaped similar to a smooth kidney bean (N=3; mean width-length ratio ± 
SD = 0.46 ± 0.05; FIG. 5). Observations of glands from recently deceased individuals and 
in extracted glands revealed that there were no external septa in these specimens (FIG. 5).  
Lobulate rectal glands had greater width-length ratios than those with digitiform 
morphology (ANOVA; R2=0.86; df=14, 292; 306; F=125.01; P<=0.00100; TABLES II & 
III; FIGS. 6, 7, 8 & 9), and were observed in all hexanchids and the bramble shark 
Echinorhinus brucus (Bonnaterre 1788).  A lobulate rectal gland collected from a 
recently deceased H. vitulus showed no discernible deviations from the preserved 
museum samples of other hexanchids examined (FIG. 9). Lobulate glands had septa 
separating sections of tissue, and a cross-section of a H. griseus rectal gland showed the 
septa continuing internally; compartmentalizing the tubules into sections (FIG. 10). 
Internal division of the rectal gland was apparent in the cross sections of all hexanchids.  
Histology indicated that rectal glands of H. griseus and H. vitulus were 
structurally similar to the morphology observed in H. perlo. The structures had an 
external peritoneum with depressions that aligned with observed external furrows. The 
mid-portion of the lobulate rectal gland was comprised of highly concentrated secretory 
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tubules that appeared smaller and in greater densities than what was observed in 
digitiform glands (FIGS. 4, 11, & 12). The secretory tubules were compartmentalized 
within lobulate rectal glands by smooth muscle that extended from the inner lining of the 
external peritoneum to the outer lining of the lumen peritoneum (FIGS. 4, 11, & 12). The 
lumen of lobulate rectal glands continued longitudinally through the structure. Unlike the 
circular lumen observed in digitiform rectal glands, the lumen in the lobulate glands was 
elongated along the transverse plane (FIGS. 11 & 12). The central lumen and surrounding 
epithelium formed a thin elongated canal that ran the length of the rectal gland. Histology 
of rectal glands from hexanchids revealed one main central lumen or a main duct area 
separated by smooth muscle (FIGS. 11 & 12). The lumen was characterized by secretory 
cells and goblet mucous cells.  
 
Plasma Chemistry 
 There were no differences in Na+ (ANOVA; R2=0.33; df=3, 33; F=2.21; 
P=0.073), K+ (ANOVA; R2=0.20; df=2, 25; F=1.40; P=0.266), or osmolality (ANOVA; 
R2=0.37; df=6, 25; F=2.43; P=0.055) among species. Trimethylamine oxide (TMAO; 
ANOVA; R2=0.84; df=3, 26; F=20.58; P<0.001), urea (ANOVA; R2=0.57; df=3, 33; 
F=6.57; P<0.001), and Cl- (ANOVA; R2=0.37; df=3, 30; F=2.67; P=0.036) were 
different among species and a Tukey post-hoc test resulted in the division of several 
subgroups for each of these concentrations based on species (TABLE IV). There were 
higher concentrations of TMAO in deep-sea sharks and TMAO tended to increase among 
deep-sea sharks with the species depth preference. Additionally, urea was more 
concentrated in deep-sea sharks with the exception of H. vitulus which had the lowest 
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concentration of any species. Chloride had the highest concentration in species with the 
lobulate rectal gland morphology. In H. vitulus the concentration was 94.23 mmol higher 
than the other species with the lobulate morphology (H. griseus) and 106.43 mmol higher 
than the species with the digitiform morphology that had the highest Cl- concentration (C. 
uyato; TABLE IV). 
 
Discussion 
 
The presence of digitiform morphology in sharks, regardless of depth, implies that 
rectal gland morphology is not related to depth preference. Kidney bean rectal gland 
morphology could not be classified as an adaption to living in the deep ocean due to the 
presence of digitiform morphology in other closely related deep-sea sharks.  Similar to 
somniosids, the lobulate morphology observed in hexanchids and echinorhinids was not 
explained by depth preference. For example, deep-sea and coastal hexanchids had 
lobulate rectal morphology. Kidney-bean and lobulate morphologies of rectal glands 
were likely not adaptations to deep-sea depths and were more plausibly associated with 
the taxonomic lineage of each species. Moreover, the lobulate morphology characteristic 
of primitive sharks may represent an intermediary form of the secretory morphology 
observed in holocephalans and the digitiform rectal gland observed in other sharks. 
There was no difference in lobulate rectal gland morphology between epipelagic 
and deep-sea species. Samples from two N. cepedianus, the only hexanchid to commonly 
occur in shallow water, had lobulate rectal gland morphology homologous to all 
hexanchids and echinorhinids examined.  This observation may be explained by O’Brien 
et al.’s (2012) finding that hexanchids have low potential for genetic mutation compared 
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to other shark species, and thus a greater chance of possessing ancestral traits. With 
limited variability in abiotic parameters, the stable habitats of most hexanchiform and 
echinorhinid sharks limits the exposure to certain environmental pressures (varying 
salinity and temperature) that coastal or shallow species face. Furthermore, there is fossil 
evidence that hexanchid and echinorhinid sharks have occupied stable deep-sea habitats 
since the Eocene Epoch (Adnet et al., 2008). While fossil evidence is limited in deep-sea 
sharks due to the poor fossilization conditions in the deep ocean, evidence from Adnet et 
al. (2008) does allude to hexanchiform and echinorhinid sharks living in the deep-sea 
over a long temporal scale. Moreover, living in a stable habitat like the deep-sea over 
such a time span provides further evidence against the lobulate rectal gland morphology 
as an adaptation to life in the deep ocean. The evidence against depth as a possible 
explanation for unique rectal gland morphology in hexanchids and echinorhinids leaves 
taxonomic age as a likely explanation for lobulate morphology.  
Echinorhinus brucus and the prickly shark Echinorhinus cookei (Pietschmann 
1928) are basal elasmobranchs with an estimated family radiation from other squaliform 
sharks at 147.59 mya (Straube et al., 2015). Hexanchiformes, the oldest extant order of 
sharks, are estimated to have diverged from the rest of Squalimorphii about 202.8 mya 
(Straube et al., 2015). Hexanchids and echinorhinids are often considered to be primitive 
given their plesiomorphic characteristics and early origin in the fossil records (Crofts, 
1925; Barnett et al., 2012; da Cunha et al., 2017; Daly-Engel et al., 2018). The early 
radiation of Hexanchidae and Echinorhinidae from the rest of Squalimorphii coupled 
with their low potential for genetic mutation indicates that the lobulate rectal gland 
morphology is a plesiomorphic trait. This is further supported by the lobulate secretory 
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structure of holocephalans that is uniquely similar to that seen in primitive sharks (Crofts, 
1925; Fange & Fugelli, 1963; Hyodo et al., 2007).  
Holocephali is the sister taxon of Elasmobranchii and recent molecular analysis 
estimates their divergence to a separate taxon to be 421 mya (Inoue et al., 2010). Unlike 
the digitiform morphology described in most sharks, the holocephalan NaCl secretory 
mechanism is comprised of roughly 12 tubular structures (Hyodo et al., 2007). Each of 
the tubular structures of holocephalans is further divided by septa into several sections 
giving the structures a lobulate appearance (Crofts, 1925; Fange & Fugelli, 1963; Hyodo 
et al., 2007). While similarities between the lobulate rectal gland morphology and the 
secretory anatomy of holocephalans are observed, functional similarities and differences 
between these morphologies or among different rectal gland types should be further 
explored.  
Studies on the excretory physiology of holocephalans have shown that the 
osmoregulatory morphology is less efficient at retaining urea and has higher 
concentrations of Na+ and Cl- ions relative to elasmobranchs (Fange & Fugelli, 1963; 
Hyodo et al., 2007). I observed that H. vitulus and H. griseus had higher levels of Cl- in 
their plasma compared to other species. Although this finding is based on a small sample 
size, Cl- concentrations in lobulate rectal glands may allude to functional similarities 
between the lobulate rectal gland morphology and the secretory morphology of 
holocephalans. Given that holocephalans have been shown to have less efficient, 
primitive secretory systems (Fange & Fugelli, 1963; Hyodo et al., 2007); functional 
similarities may represent a plesiomorphic state and should be further studied. 
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While differences between Cl- concentrations in lobulate and digitiform rectal 
glands may indicate the globular morphology is a plesiomorphic state, the differences in 
organic osmolyte concentrations can be explained by the piezolyte hypothesis. The 
differences among urea and TMAO levels in species from varying depths follows 
published relationships of the piezolyte hypothesis (Yancey & Somero,1979; Samerotte 
et al., 2007; Laxson et al., 2011; Yancey et al., 2014). The exception is the low mean for 
urea observed in H. vitulus relative to all other sharks sampled. The low urea 
concentration may indicate that this species may have urea concentrations that are more 
similar to those of holocephalans. This theory, however, this is based on initial (N = 2) 
sampling.  
The difficulty of collecting plasma samples from all three observed morphology 
types makes any conclusions about differences in the excretory and compensatory 
functions among rectal glands with differing morphologies tentative. Many of the species 
with the lobulate and kidney bean morphology could be only opportunistically sampled 
for plasma due to the difficulties of obtaining samples from deep-sea sharks. Further 
analysis of plasma chemistry among the three morphology types is necessary for 
establishing any definitive functional differences between anatomy; for instance, those 
observed between holocephalans and elasmobranchs (Fange & Fugelli, 1963; Hyodo et 
al., 2007).  
Kidney bean rectal gland morphology was observed in only four individuals 
representing two species from the genus Somniosus, a derived family of Squaliformes. 
(Straube et al., 2015). Digitiform rectal glands observed in other phylogenetically older 
squaliform genera Squalus and Centrophorus (Kriwet & Klug 2009; Naylor et al., 2012; 
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Straube et al., 2015; da Cunha et al., 2017) suggests that this morphology observed is not 
a relic of taxonomic lineage. Observations of variation in the digitiform rectal gland 
morphology by Crofts (1925) show that there is potential for interspecific variation in the 
digitiform morphology. Interspecific variation of the digitiform rectal gland morphology 
given the close phylogenetic relationships to other Squalimorphes with this morphology 
could explain the observations of the genus Somniosus. Further examination of 
somniosids and closely related species may clarify whether or not this is a new 
morphology or interspecific variation.  
 
Conclusions  
Future research directions should also include expanded sampling effort of other 
primitive shark species, such as Squatinidae and Pristiophoridae, and could yield more 
information on the presence or absence of lobulate rectal gland morphology in basal 
species. Further studies on other elasmobranchs as a group may yield some information 
on the development of different rectal gland morphologies.  Future research should also 
focus on plasma comparisons and histological examinations among somniosids, 
hexanchids, echinorhinids, and holocephalans relative to other elasmobranchs. A 
suggested objective is to examine whether there are any functional differences among 
rectal gland morphologies among these families.  
This study described three unique rectal gland morphologies, two of which that 
have not been previously defined. Rectal gland morphology is not indicative of depth 
preference but is more likely related to a species phylogenetic lineage. Phylogenetically 
older species from the families Echinorhinidae and Hexanchidae have a lobulate rectal 
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gland morphology not previously classified. The functional and morphological 
similarities between this rectal gland morphology and the secretory anatomy seen in 
holocephalans indicates that the lobulate rectal gland may be representative of an 
intermediate secretory morphology between Holocephali and derived sharks. 
 
  
 17 
References 
 
Adnet, S., Cappetta, H., & Reynders, J. (2008). Contribution of Eocene sharks and rays 
from southern France to the history of deep-sea selachians. Acta Geologica 
Polonica, 58(2), 257-260. 
Anderson, W. G., Taylor, J. R., Good, J. P., Hazon, N., & Grosell, M. (2007). Body fluid 
volume regulation in elasmobranch fish. Comparative Biochemistry and 
Physiology Part A: Molecular & Integrative Physiology, 148(1), 3-13. 
Barnett, A., Braccini, J. M., Awruch, C. A., & Ebert, D. A. (2012). An overview on the 
role of Hexanchiformes in marine ecosystems: biology, ecology and conservation 
status of a primitive order of modern sharks. Journal of Fish Biology, 80(5), 966-
990. 
Bazan, K. L. (2011). Persistent organic pollutants in shark blood plasma from estuaries 
along the southeast US coast. College of Charleston. 
Bonting, S. L. (1966). Studies on sodium-potassium-activated adenosinetriphosphatase—
XV the rectal gland of the elasmobranchs. Comparative biochemistry and 
physiology, 17(3), 953-966. 
Burger, J. W., & Hess, W. N. (1960). Function of the rectal gland in the spiny dogfish. 
Science, 131(3401), 670-671. 
Cain, D. K., Harms, C. A., & Segars, A. (2004). Plasma biochemistry reference values of 
wild-caught southern stingrays (Dasyatis americana). Journal of Zoo and Wildlife 
Medicine, 471-476. 
Chan, D. K., & Phillips, J. G. (1967). The anatomy, histology and histochemistry of the 
rectal gland in the lip-shark Hemiscyllium plagiosum (Bennett). Journal of 
anatomy, 101(Pt 1), 137. 
Chan, D. K. O., Phillips, J. G., & Jones, I. C. (1967). Studies on electrolyte changes in the 
lip-shark, Hemiscyllium plagiosum (Bennett), with special reference to hormonal 
influence on the rectal gland. Comparative biochemistry and physiology, 23(1), 
185-198. 
Corner, E. D. S., Denton, E. J., & Forster, G. (1969). On the buoyancy of some deep-sea 
sharks. Proc. R. Soc. Lond. B, 171(1025), 415-429. 
Crofts, D. R. (1925, April). The Comparative Morphology of. the Cæcal Gland (Rectal 
Gland) of Selachian Fishes, with some reference to the Morphology and 
Physiology of the similar Intestinal Appendage throughout Ichthyopsida and 
Sauropsida. In Proceedings of the Zoological Society of London (Vol. 95, No. 1, 
pp. 101-188). Oxford, UK: Blackwell Publishing Ltd. 
 18 
da Cunha, D. B., da Silva Rodrigues‐Filho, L. F., & de Luna Sales, J. B. (2017). A 
Review of the Mitogenomic Phylogeny of the Chondrichthyes. In 
Chondrichthyes-Multidisciplinary Approach. InTech. 
Daly-Engel, T. S., Baremore, I. E., Grubbs, R. D., Gulak, S. J., Graham, R. T., & 
Enzenauer, M. P. (2018). Resurrection of the sixgill shark Hexanchus vitulus 
Springer & Waller, 1969 (Hexanchiformes, Hexanchidae), with comments on its 
distribution in the northwest Atlantic Ocean. Marine Biodiversity, 1-10. 
Drymon, J. M., Powers, S. P., Dindo, J., Dzwonkowski, B., & Henwood, T. A. (2010). 
Distributions of sharks across a continental shelf in the northern Gulf of Mexico. 
Marine and Coastal Fisheries, 2(1), 440-450. 
Ebert, D. A., & Compagno, L. J. (2009). Chlamydoselachus africana, a new species of 
frilled shark from southern Africa (Chondrichthyes, Hexanchiformes, 
Chlamydoselachidae). Zootaxa, 2173(1), 1-18. 
Ebert, D. A., White, W. T., & Ho, H. C. (2013). Redescription of Hexanchus nakamurai 
Teng 1962, (Chondrichthyes: Hexanchiformes: Hexanchidae), with designation of 
a neotype. Zootaxa, 3752(1), 30-34. 
Epstein, F. H., Stoff, J. S., & Silva, P. A. (1983). Mechanism and control of hyperosmotic 
NaCl-rich secretion by the rectal gland of Squalus acanthias. Journal of 
Experimental Biology, 106(1), 25-41. 
Fänge, R., & Fugelli, K. (1963). The rectal salt gland of elasmobranchs, and 
osmoregulation in chimaeroid fishes. Sarsia, 10(1), 27-34. 
Forrest, J. N. (1996). Cellular and molecular biology of chloride secretion in the shark 
rectal gland: regulation by adenosine receptors. Kidney international, 49(6), 1557-
1562. 
Gerzeli, G., de Stefano, G. F., Bolognani, L., Koenig, K. W., Gervaso, M. V., & 
Omodeo-Salé, M. F. (1976). The rectal gland in relation to the osmoregulatory 
mechanisms of marine and freshwater elasmobranchs. Investigations of the 
Ichthyofauna of Nicaraguan lakes, 51. 
Gunther, A. C. L. G. (1887). Report of the deep-sea fishes collected by HMS" 
Challenger" during the years 1873-76. Rep Sci Res Voy HMS Challenger, 22, 1-
268. 
Hazon, N., Wells, A., Pillans, R. D., Good, J. P., Anderson, W. G., & Franklin, C. E. 
(2003). Urea based osmoregulation and endocrine control in elasmobranch fish 
with special reference to euryhalinity. Comparative Biochemistry and Physiology 
Part B: Biochemistry and Molecular Biology, 136(4), 685-700. 
 19 
Hoskins, E. R. (1917). On the development of the digitiform gland and the post‐valvular 
segment of the intestine in Squalus acanthias. Journal of Morphology, 28(2), 329-
367. 
Hyodo, S., Bell, J. D., Healy, J. M., Kaneko, T., Hasegawa, S., Takei, Y., ... & Toop, T. 
(2007). Osmoregulation in elephant fish Callorhinchus milii (Holocephali), with 
special reference to the rectal gland. Journal of Experimental Biology, 210(8), 
1303-1310. 
Jacobshagen, E. (1937). Mittel-und enddarm. Handbuch der vergleichenden Anatomie 
der Wirbeltiere, 3, 563-724. 
Kyne, P. M., & Simpfendorfer, C. A. (2007). A collation and summarization of available 
data on deepwater chondrichthyans: biodiversity, life history and fisheries. 
Laxson, C. J., Condon, N. E., Drazen, J. C., & Yancey, P. H. (2011). Decreasing urea∶ 
trimethylamine N-oxide ratios with depth in chondrichthyes: a physiological 
depth limit? Physiological and Biochemical Zoology, 84(5), 494-505. 
Nakamura, I., Meyer, C. G., & Sato, K. (2015). Unexpected positive buoyancy in deep 
sea sharks, Hexanchus griseus, and an Echinorhinus cookei. PloS one, 10(6), 
e0127667. 
O’Brien, S. M., Gallucci, V. F., & Hauser, L. (2013). Effects of species biology on the 
historical demography of sharks and their implications for likely consequences of 
contemporary climate change. Conservation Genetics, 14(1), 125-144. 
Oguri, M. (1964). Rectal glands of marine and fresh-water sharks: comparative histology. 
Science, 144(3622), 1151-1152. 
Piermarini, P. M., & Evans, D. H. (2000). Effects of environmental salinity on Na (+)/K 
(+)-ATPase in the gills and rectal gland of a euryhaline elasmobranch (Dasyatis 
sabina). Journal of Experimental Biology, 203(19), 2957-2966. 
Pillans, R. D., & Franklin, C. E. (2004). Plasma osmolyte concentrations and rectal gland 
mass of bull sharks Carcharhinus leucas, captured along a salinity gradient. 
Comparative Biochemistry and Physiology Part A: Molecular & Integrative 
Physiology, 138(3), 363-371. 
Pillans, R. D., Good, J. P., Anderson, W. G., Hazon, N., & Franklin, C. E. (2008). Rectal 
gland morphology of freshwater and seawater acclimated bull sharks 
Carcharhinus leucas. Journal of Fish Biology, 72(7), 1559-1571. 
Read, L. J. (1971). Chemical constituents of body fluids and urine of the holocephalan 
Hydrolagus colliei. Comparative Biochemistry and Physiology Part A: 
Physiology, 39(2), 185-192. 
Rees, J. (2000). A new Pliensbachian [Early Jurassic] neoselachian shark fauna from 
Southern Sweden. Acta Palaeontologica Polonica, 45(4). 
 20 
Reilly, B. D., Cramp, R. L., Wilson, J. M., Campbell, H. A., & Franklin, C. E. (2011). 
Branchial osmoregulation in the euryhaline bull shark, Carcharhinus leucas: a 
molecular analysis of ion transporters. Journal of Experimental Biology, 214(17), 
2883-2895. 
Riordan, J. R., Forbush, B., & Hanrahan, J. W. (1994). The molecular basis of chloride 
transport in shark rectal gland. Journal of Experimental Biology, 196(1), 405-418. 
Samerotte, A. L., Drazen, J. C., Brand, G. L., Seibel, B. A., & Yancey, P. H. (2007). 
Correlation of trimethylamine oxide and habitat depth within and among species 
of teleost fish: an analysis of causation. Physiological and Biochemical Zoology, 
80(2), 197-208. 
Shuttleworth, T. J. (Ed.). (2012). Physiology of elasmobranch fishes. Springer Science & 
Business Media. 
Silva, P., Stoff, J., Field, M., Fine, L., Forrest, J. N., & Epstein, F. H. (1977). Mechanism 
of active chloride secretion by shark rectal gland: role of Na-K-ATPase in 
chloride transport. American Journal of Physiology-Renal Physiology, 233(4), 
F298-F306. 
Simpfendorfer, C. A., & Kyne, P. M. (2009). Limited potential to recover from 
overfishing raises concerns for deep-sea sharks, rays and chimaeras. 
Environmental Conservation, 36(2), 97-103. 
Smith, H. W. (1931). The absorption and excretion of water and salts by the 
elasmobranch fishes: I. Fresh water elasmobranchs. American Journal of 
Physiology-Legacy Content, 98(2), 279-295. 
Smith, H. W. (1936). The retention and physiological role of urea in the elasmobranchii. 
Biological Reviews, 11(1), 49-82. 
Tanaka, K., Shiina, T., Tomita, T., Suzuki, S., Hosomichi, K., Sano, K., ... & Tanaka, S. 
(2013). Evolutionary relations of Hexanchiformes deep-sea sharks elucidated by 
whole mitochondrial genome sequences. BioMed research international, 2013. 
Treberg, J. R., & Speers-Roesch, B. (2016). Does the physiology of chondrichthyan 
fishes constrain their distribution in the deep sea? Journal of Experimental 
Biology, 219(5), 615-625. 
Wekell, J. C., & Barnett, H. (1991). New method for analysis of trimethylamine oxide 
using ferrous sulfate and EDTA. Journal of food science, 56(1), 132-135. 
Withers, P., Hefter, G., & Pang, T. S. (1994). Role of urea and methylamines in 
buoyancy of elasmobranchs. Journal of Experimental Biology, 188(1), 175-189. 
Wolff, S. D., Yancey, P. H., Stanton, T. S., & Balaban, R. S. (1989). A simple HPLC 
method for quantitating major organic solutes of renal medulla. American Journal 
of Physiology-Renal Physiology, 256(5), F954-F956. 
 21 
Wosnick, N., & Freire, C. A. (2013). Some euryhalinity may be more common than 
expected in marine elasmobranchs: The example of the South American skate 
Zapteryx brevirostris (Elasmobranchii, Rajiformes, Rhinobatidae). Comparative 
Biochemistry and Physiology Part A: Molecular & Integrative Physiology, 
166(1), 36-43. 
Wright, P. A., & Wood, C. M. (2015). Regulation of ions, acid–base, and nitrogenous 
wastes in elasmobranchs. In Fish physiology (Vol. 34, pp. 279-345). Academic 
Press. 
Yancey, P. H., & Somero, G. N. (1979). Counteraction of urea destabilization of protein 
structure by methylamine osmoregulatory compounds of elasmobranch fishes. 
Biochemical Journal, 183(2), 317-323. 
Yancey, P. H., Gerringer, M. E., Drazen, J. C., Rowden, A. A., & Jamieson, A. (2014). 
Marine fish may be biochemically constrained from inhabiting the deepest ocean 
depths. Proceedings of the National Academy of Sciences, 201322003. 
Yancey, P. H., Speers-Roesch, B., Atchinson, S., Reist, J. D., Majewski, A. R., & 
Treberg, J. R. (2018). Osmolyte Adjustments as a Pressure Adaptation in Deep-
Sea Chondrichthyan Fishes: An Intraspecific Test in Arctic Skates (Amblyraja 
hyperborea) along a Depth Gradient. Physiological and Biochemical Zoology, 
91(2), 788-796. 
  
 22 
Tables & Figures 
 
Table I. Species sampled for rectal gland morphology and associated sample sizes, 
reported depth range by Compagno (2005) and the IUCN Shark Specialist Group, and 
observed morphology.  
 
Common name Scientific name Family N 
Depth 
range (m) 
Rectal 
gland 
morphology 
Blacknose shark 
Carcharhinus 
acronotus Carcharhinidae 7 0-64 Digitiform 
Spinner shark 
Carcharhinus 
brevipinna Carcharhinidae 1 0-100 Digitiform 
Finetooth shark 
Carcharhinus 
isodon Carcharhinidae 9 0-20 Digitiform 
Blacktip shark 
Carcharhinus 
limbatus Carcharhinidae 10 0-100 Digitiform 
Night shark 
Carcharhinus 
signatus Carcharhinidae 2 150-450 Digitiform 
Tiger shark 
Galeocerdo 
cuvier Carcharhinidae 1 0-828 Digitiform 
Lemon shark 
Negaprion 
brevirostris Carcharhinidae 2 0-90 Digitiform 
Atlantic 
sharpnose shark 
Rhizoprionodon 
terraenovae Carcharhinidae 37 0-100 Digitiform 
Little gulper 
shark 
Centrophorus 
uyato Centrophoridae 68 300-700 Digitiform 
Gulper shark 
Centrophorus 
granulosus Centrophoridae 3 600-1100 Digitiform 
Blurred smooth 
lantern shark 
Etmopterus 
bigelowi Etmopteridae 14 163-1000 Digitiform 
Fringefin lantern 
shark 
Etmopterus 
schultzi Etmopteridae 2 220-915 Digitiform 
Green lantern 
shark 
Etmopterus 
virens Etmopteridae 15 196-915 Digitiform 
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Horn shark 
Heterdontus 
francisci Heterodontidae 1 0-152 Digitiform 
Whale shark Rhincodon typus Rhincodontidae 1 0-1928 Digitiform 
Scalloped 
hammerhead 
shark Sphyrna lewini Sphyrnidae 1 0-275 Digitiform 
Bonnethead 
shark Sphyrna tiburo Sphyrnidae 25 0-80 Digitiform 
Cuban dogfish Squalus cubensis Squalidae 46 60-380 Digitiform 
Genie’s dogfish Squalus clarkae Squalidae 16 5-954 Digitiform 
Narrowfin 
smooth-hound Mustelus norrisi Triakidae 6 0-84 Digitiform 
Gulf smooth-
hound 
Mustelus 
sinusmexicanus Triakidae 18 0-55 Digitiform 
Bramble shark 
Echinorhinus 
brucus Echinorhinidae 2 400-900 Lobulate 
Sharpnose 
sevengill shark 
Heptranchias 
perlo Hexanchidae 17 300-1000 Lobulate 
Atlantic sixgill 
shark 
Hexanchus 
vitulus Hexanchidae 14 90-701 Lobulate 
Broadnose 
sevengill shark 
Notorynchus 
cepedianus Hexanchidae 2 0-136 Lobulate 
Bluntnose sixgill 
shark 
Hexanchus 
griseus Hexanchuidae 8 15-1350 Lobulate 
Greenland shark 
Somniosus 
microcephalus Somniosidae 1 0-2200 Kidney bean 
Pacific sleeper 
shark 
Somniosus 
pacificus Somniosidae 3 0-2000 Kidney bean 
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Table II. Rectal gland width-length ratios for rectal glands sampled from species with N > 
7 rectal glands. 
. 
 
Scientific name N Gland morphology 
Mean rectal gland 
width:length (SD) 
Carcharhinus acronotus 7 Digitiform 0.13 (0.02) 
Carcharhinus isodon 9 Digitiform 0.16 (0.01) 
Carcharhinus limbatus 10 Digitiform 0.26 (0.05) 
Centrophorus uyato 68 Digitiform 0.17 (0.04) 
Etmopterus bigelowi 14 Digitiform 0.23 (0.06) 
Etmopterus virens 15 Digitiform 0.26 (0.09) 
Mustelus sinusmexicanus 18 Digitiform 0.21 (0.03) 
Rhizoprionodon 
terraenovae 36 Digitiform 0.16 (0.05) 
Sphyrna tiburo 25 Digitiform 0.15 (0.03) 
Squalus clarkae 14 Digitiform 0.15 (0.06) 
Squalus cubensis 46 Digitiform 0.23 (0.53) 
Heptranchias perlo 17 Lobulate 0.54 (0.08) 
Hexanchus griseus 8 Lobulate 0.62 (0.13) 
Hexanchus vitulus 14 Lobulate 0.61 (0.13) 
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Table III. Post-hoc analysis (Tukey test) comparing rectal gland morphology among 
species (α-level = 0.05). 
 
Rectal gland width-length ratio 
Species N Mean Group 
Carcharhinus acronotus 7 0.13 a 
Squalus clarkae 14 0.15 a 
Carcharhinus isodon 25 0.15 ab 
Rhizoprionodon terraenovae 36 0.16 ab 
Squalus cubensis 46 0.16 ab 
Sphyrna tiburo 9 0.16 ab 
Centrophorus uyato 68 0.17 abc 
Mustelus sinusmexicanus 18 0.21 abcd 
Etmopterus bigelowi 14 0.23 bcd 
Mustelus norrisi 6 0.25 cd 
Carcharhinus limbatus 15 0.26 d 
Etmopterus virens 10 0.26 d 
Heptranchias perlo 17 0.54 e 
Hexanchus vitulus 14 0.61 ef 
Hexanchus griseus 8 0.62 f 
Rectal gland dry mass ratio 
Species N Mean Group 
Centrophorus uyato 66 0.000021 a 
Carcharhinus limbatus 5 0.000028 a 
Rhizoprionodon terraenovae 11 0.000031 a 
Squalus cubensis 38 0.000036 a 
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Squalus clarkae 14 0.000044 a 
Sphyrna tiburo 11 0.000276 b 
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Table IV. Post-hoc analysis (Tukey test) comparing plasma ion concentrations among 
species. 
 
TMAO 
Species N Mean (mmol) Group 
Carcharhinus plumbeus 3 65.93 a 
Rhizoprionodon terraenovae 6 86.20 ab 
Squalus cubensis 6 98.98 bc 
Squalus clarkae 6 109.87 cd 
Centrophorus uyato 6 126.43 de 
Hexanchus griseus 2 142.46 e 
Urea 
Species N Mean (mmol) Group 
Hexanchus vitulus 2 269.60 a 
Rhizoprionodon terraenovae 6 328.33 b 
Carcharhinus plumbeus 3 332.00 b 
Centrophorus uyato 6 347.92 bc 
Hexanchus griseus 8 350.43 bc 
Squalus clarkae 6 358.68 bc 
Squalus cubensis 6 388.33 c 
Na+ 
Species N Mean (mmol) Group 
Squalus cubensis 6 263.33 a 
Carcharhinus plumbeus 3 263.66 a 
Squalus clarkae 6 263.83 a 
Rhizoprionodon terraenovae 3 264.33 a 
Hexanchus griseus 8 267.66 a 
Centrophorus uyato 6 281.17 a 
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Hexanchus vitulus 2 295.80 a 
K+ 
Species N Mean (mmol) Group 
Centrophorus uyato 6 4.94 a 
Squalus clarkae 6 5.10 a 
Squalus cubensis 6 5.16 a 
Hexanchus griseus 8 6.34 a 
Hexanchus vitulus 2 8.06 a 
Cl- 
Species N Mean (mmol) Group 
Squalus cubensis 6 268.50 a 
Squalus clarkae 6 271.33 a 
Carcharhinus plumbeus 3 274.00 a 
Rhizoprionodon terraenovae 3 279.33 a 
Centrophorus uyato 6 281.17 a 
Hexanchus griseus 8 293.37 a 
Hexanchus vitulus 2 387.60 b 
Osmolality 
Species N Mean (mmol) Group 
Carcharhinus plumbeus 2 1009.00 a 
Rhizoprionodon terraenovae 3 1051.00 ab 
Squalus clarkae 6 1051.17 ab 
Centrophorus uyato 6 1056.33 ab 
Squalus cubensis 6 1078.50 ab 
Hexanchus griseus 7 1079.86 ab 
Hexanchus vitulus 2 1097.50 b 
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Figure 1. Rectal gland from 38.5 cm (fork length) Squalus cubensis. 
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Figure 2. Cross section of the preserved rectal gland from Centrophorus uyato.  
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Figure 3. Longitudinal section of the preserved rectal gland from Centrophorus uyato. 
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Figure 4. Transverse section of the rectal gland from Squalus clarkae showing tubules, 
lumen, and goblet mucous cells. 
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Figure 5. Kidney bean rectal gland morphology of a recently deceased Somniosus 
pacificus. 
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Figure 6. Lobulate rectal gland of a preserved Hexanchus vitulus from the Florida State 
University Coastal and Marine Laboratory Zoological Collection. 
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Figure 7. Width-length ratio and linear trendlines of the three rectal gland morphologies: 
digitiform rectal gland morphology (●; W = 0.164L + 0.1775; R² = 0.6694), kidney bean 
rectal gland morphology (■; W = 0.418L + 0.9721; R² = 0.8502), and lobulate (▲; W = 
0.5269L + 0.885; R² = 0.6926), rectal gland morphology (▲), observed in this study. 
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Figure 8. External anatomy of a preserved rectal gland from a Hexanchus griseus, 
displaying the lobulate structures and dividing septa of the gland (arrow). 
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Figure 9.  Thawed rectal gland from Hexanchus vitulus displaying abundant sectioning 
and lobes of the tissue. 
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Figure 10. Transverse section of a preserved rectal gland from Hexanchus griseus 
showing tubules, lumen, and internal septa. 
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Figure 11. Transverse histology of a Hexanchus vitulus rectal gland showing a well-
defined central lumen, compartmentalization of tubules through smooth muscle cell 
walls, and excretory vesicles lining the inner lumen epithelium. 
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Figure 12. The rectal gland lumen of a Hexanchus vitulus showing epithelium lining, and 
prominent seminal vesicle presence, and goblet mucous cells. 
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